Escherichia coli hlyCABD operons encode the polypeptide component (HlyA) of an extracellular cytolytic toxin as well as proteins required for its acylation (HlyC) and sec-independent secretion (HlyBD). The E. coli protein RfaH is required for wild-type hemolysin expression at the level of hlyCABD transcript elongation (J. A. Leeds and R. A. Welch, J. Bacteriol. 178:1850-1857, 1996). RfaH is also required for the transcription of wild-type levels of mRNA from promoter-distal genes in the rfaQ-K, traY-Z, and rplK-rpoC gene clusters, supporting the role for RfaH in transcriptional elongation. All or portions of a common 39-bp sequence termed JUMPStart are present in the untranslated regions of RfaH-enhanced operons. In this study, we tested the model that the JUMPStart sequence and RfaH are part of the same functional pathway. We examined the effect of JUMPStart deletion mutations within the untranslated leader of a chromosomally derived hlyCABD operon on hly RNA and HlyA protein levels in either wild-type or rfaH null mutant E. coli. We also provide in vivo physical evidence that is consistent with RNA polymerase pausing at the wild-type JUMPStart sequences.
Escherichia coli hlyCABD operons encode four gene products required for the synthesis (hlyA), acylation (hlyC), and export (hlyBD) of a cytolytic exotoxin (32) . Hemolysin determinants are generally found on large, transmissible plasmids in animal isolates of E. coli or within unique chromosomal inserts of human uropathogenic isolates (24, 34) . hlyCABD operons of plasmid and chromosomal origins display 97% sequence identity within the protein-coding regions (14) ; however untranslated regions and sequences 5Ј to the promoters are largely heterologous between the two groups (14, 17, 35) .
The E. coli protein RfaH is required in vivo for enhanced elongation of transcription through a chromosome-borne hly-CABD operon (20) , as well as in vitro for increased transcription through plasmid-borne hlyCABD genes when they are under the control of a heterologous promoter (1) . RfaH also enhances steady-state levels of mRNA of several other loci, including a plasmid-borne hlyCABD operon (2), the traY-Z operon on the F plasmid (4), the rplK-rpoC gene cluster (27) , and the rfaQ-K gene cluster (26, 28) , as well as the homologous rfa operon in Salmonella typhimurium (5) . Although the precise mechanism of action of RfaH is unknown, all of the available data support a model for RfaH involvement in enhanced transcriptional elongation.
Little is known about other E. coli genes potentially involved in RfaH-enhanced transcript elongation or their potential sites of action. However, there have been reports of common sequence elements in the noncoding regions of RfaH-enhanced operons. Hobbs and Reeves (15) recognized a 39-bp sequence in the noncoding regions upstream of nine bacterial gene clusters, in four genera, involved in production of various polysaccharides. They named the sequence JUMPStart (for just upstream of many polysaccharide-associated gene starts). In the canonical sequence, there are two occurrences of 5ЈGGTAG C3Ј, and the second half of the JUMPStart sequence is GC rich. Among all of the gene clusters identified, the orientation of the JUMPStart sequence is the same with respect to the direction of transcription. Stevens et al. (29) expanded the JUMPStart family to 13 members, including the kps and plasmid-borne hlyCABD operons, which encode secreted gene products associated with extraintestinal E. coli infection, and the traY-Z operon, all of which are dependent upon RfaH for wild-type expression. More recent surveys have identified over 20 members of the JUMPStart family (19, 25) .
In a previous study of RfaH-enhanced hemolysin expression, we recognized a putative JUMPStart sequence within the noncoding region of a chromosomal hlyCABD operon (20) . Data from that study support a model in which RfaH enhances transcript elongation within operons containing the JUMPStart sequences (20) . In this study we report that deletions of two conserved subsequences within the JUMPStart consensus sequence reduced hlyCABD transcript elongation in a pattern similar to that seen when the hlyCABD operon is expressed in an rfaH null mutant of E. coli. We also report data that are consistent with a prolonged association of RNA polymerase (RNAP) with the JUMPStart sequence in vivo. The significance of these observations in the model of RfaH-enhanced transcript elongation is discussed.
otide during PCR amplification of the hlyCABD XmaI insert in pWAM2098 ( Table 1 ). The method of Michael (23) was followed exactly except that 100 pmol of each wild-type primer (T7 [5ЈTAATACGACTCACTATAGGGAGA3Ј] and T3 [5ЈATTAACCCTCACTAAAGGGA3Ј] promoter regions flanking the XmaI insert in pWAM2098) and 500 pmol of one mutagenic primer (5ЈGGTTGATG ACTGTTAATTCCATCTGCATTAATATTAGC3Ј [ϩ128 to ϩ176, with positions ϩ149 to ϩ159 deleted] or 5ЈGATTGCTAATGGTTTGTGTGTTAATTC CAGAAGGCGG3Ј [ϩ108 to ϩ156, with positions ϩ126 to ϩ137 deleted]) were used in a final volume of 50 l. (The positions of the deletions are indicated in Fig. 1 .) The mutagenized XmaI fragments were cloned into the hlyCABD operon in pSF4000, replacing the wild-type 938-base XmaI fragment, to create pWAM2240 (positions ϩ126 to ϩ137 deleted) and pWAM2245 (positions ϩ149 to ϩ159 deleted). The newly cloned XmaI regions of hlyCABD were sequenced by using the fmol DNA Sequencing System (Promega).
Assay of HlyA protein levels. Cultures were grown to an optical density at 600 nm (OD 600 ) of 0.80. For comparative analyses of extracellular HlyA protein levels, culture filtrates were precipitated overnight with 10% (wt/vol) trichloroacetic acid. The dried precipitates were resuspended in 3ϫ sodium dodecyl sulfate (SDS) sample buffer (Sigma)-0.5 M Tris, pH 8.8 (1:2). Samples were boiled for 10 min, separated by SDS-10% polyacrylamide gel electrophoresis, and stained with Coomassie brilliant blue. Signals were quantified by densitometric analysis with a Zeineh soft laser scanning densitometer. Three independent cultures of each test strain were used to compare levels of extracellular HlyA.
Generation of antisense RNA probes. Templates for in vitro transcription of antisense RNA probes were either PCR products or linearized recombinant plasmids. As a source of the ϩ408 to ϩ627 hly leader-5ЈhlyC template, DNA from pWAM2098 was amplified by PCR with a primer identical to the nontemplate strand of pSF4000 from positions ϩ408 to ϩ424 and the M13 reverse sequencing primer (New England Biolabs). As a source of the ϩ779 to ϩ1049 hlyC template, DNA from pWAM1452 was amplified by PCR with a primer identical to the nontemplate strand of pSF4000 from positions ϩ779 to ϩ795 and the M13 reverse sequencing primer. To generate base ϩ3738 to ϩ3966 hlyA and ϩ6143 to ϩ6410 hlyBD templates, recombinant plasmids pWAM764 and pWAM744 were linearized by restriction digestion as described previously (20) . RNA probe synthesis was carried out as described previously (20) . The locations of hlyCABD regions encoding RNA complementary to the antisense RNA probes are depicted in Fig. 3A and 4A .
Preparation of total cellular RNA and quantitation of hlyCABD mRNA. Cellular RNA was prepared from 15 ml of E. coli grown to an OD 600 of 0.6 by the hot-phenol method of Emory and Belasco (11) . Quantitative RNase protection analysis was performed as described previously (20) except that both RNase A (2.5 U/ml) and RNase T 1 (100 U/ml) were utilized in the digestion step. Dried gels were exposed to a Molecular Dynamics phosphor screen for 2 to 4 h and scanned with a PhosphorImager SI (Molecular Dynamics). Band intensities were analyzed by using the ImageQuaNT V4.2 program (Molecular Dynamics).
In vivo KMnO 4 footprinting. E. coli transformed with either pSF4000, pWAM2240, or pWAM2245 was grown overnight in M9-glucose supplemented with 0.5% Casamino Acids, 1 g of thiamine per ml, and 25 g of chloramphenicol per ml. The next morning, the cultures were diluted 1:100 into 10 ml of the same medium and grown to an OD 600 of 0.6. At this time the cultures were split, rifampin was added to one flask to a final concentration of 200 g/ml, and the cultures were incubated for an additional 5 min at 37°C. At this time KMnO 4 was added to all flasks to a final concentration of 10 mM and left for 15 s, after which the cultures were transferred to ice-cold STE buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1 mM EDTA) in 30-ml Corex tubes on ice to quench the reaction. Plasmids were isolated and quantified as described previously (16) . KMnO 4 -reactive thymines in the nontemplate strands of hlyCABD DNA were mapped by primer extension of plasmid DNA from KMnO 4 -treated cells as described previously (16) . Primer extension products of the hly leader region were detected by autoradiography following exposure of dried gels to DuPont NEF-496 film for up to 7 days.
RESULTS
Deletion of two highly conserved regions of the JUMPStart sequence from a chromosomally derived hlyCABD operon. We and others have shown that the E. coli protein RfaH enhances hlyCABD mRNA expression both in vivo (20) and in vitro (1) . Results from the in vivo study demonstrated that RfaH is not required for initiation of hlyCABD transcription from the native hly promoter or for stability of hly mRNA (20) . The in vitro study showed that transcription of the hlyCABD genes under the control of a heterologous promoter is increased in the presence of purified RfaH (1) . These data are consistent with a role for RfaH in enhanced elongation of transcription. RfaH also increases steady-state mRNA levels from several other gene clusters in E. coli and S. typhimurium (4, 5, (26) (27) (28) .
JUMPStart is a conserved sequence within the untranslated regions of all RfaH-affected operons identified to date (15, 29) . The function of the JUMPStart sequence is unclear. In this study, we tested the hypothesis that the JUMPStart sequence and RfaH function in the same pathway. We characterized two deletion mutations of the 5Ј noncoding region of a hlyCABD operon derived from uropathogenic E. coli J96 in wild-type and null rfaH mutant backgrounds. The deletions were derived by PCR-based mutagenesis of the hly subclone pWAM2098. The mutagenized DNA was substituted for the wild-type sequence in the intact hlyCABD operon on pSF4000 (Table 1 ). Figure 1 depicts the alignment of the hlyCABD sequence in pSF4000 with the JUMPStart consensus sequence defined by Hobbs and Reeves (15) . In the alignment of all known JUMPStart sequences, gaps frequently occur within the upstream subsequence and within the spacer between the two subsequences. No gaps have been identified within the downstream JUMPStart subsequence (18) . The deletion in pWAM2240 removes the region from positions ϩ126 to ϩ137, including most of the first, moderately conserved JUMPStart subsequence. The deletion in pWAM2245 removes the region from positions ϩ149 to ϩ159, including the absolutely conserved 5ЈGGCGGTAG 3Ј.
We initially examined the effect of the deletions on hemolytic phenotypes of wild-type and rfaH null mutant colonies grown on a blood agar plate. Previous work showed that the (20) rfaH null allele significantly reduces the hemolytic-zone size (2, 19) . When transformed into the wild-type E. coli RZ4500, both JUMPStart deletions conferred reduced zones of hemolysis compared to those produced by colonies transformed with the intact pSF4000 plasmid (19) . Transformation of the JUMPStart deletions into the rfaH null mutant E. coli WAM1925 resulted in zone sizes similar to that conferred by the wild-type pSF4000 in the rfaH null mutant background. The observation that the effect of the JUMPStart deletions on zone size was not compounded by the rfaH null allele suggested that one is epistatic to the other or that RfaH and JUMPStart are part of the same functional pathway. Effect of JUMPStart deletions on HlyA protein levels in wild-type and rfaH null mutant E. coli. To determine the effect of the JUMPStart deletions on extracellular HlyA expression, we compared the levels of extracellular HlyA precipitated from wild-type or rfaH null mutant E. coli culture filtrates by SDSpolyacrylamide gel electrophoresis and staining with Coomassie brilliant blue. Deletion of the JUMPStart sequences resulted in 8-and 16-fold reductions in extracellular HlyA levels from E. coli harboring pWAM2240 and pWAM2245, respectively, compared to that from E. coli harboring the wild-type hlyCABD operon (Fig. 2A , compare wild-type signals [lanes 2 to 5] with signals from JUMPStart deletions pWAM2240 and pWAM2245 [lanes 6 and 7 and lanes 8 and 9, respectively]). As described previously (20) , the rfaH null mutation alone confers an 8-to 16-fold reduction in extracellular HlyA compared to that of the wild-type E. coli (Fig. 2B, 9] ). Therefore, the reductions in HlyA levels conferred by the JUMPStart deletions in rfaH ϩ E. coli are similar to the reduction conferred by the null rfaH mutation on HlyA expression from either the intact pSF4000 (20) or JUMPStart deletion mutants.
JUMPStart deletions, like the rfaH null mutation, reduce steady-state hlyCABD mRNA levels. We previously demonstrated that the reduction in HlyA protein levels from rfaH null mutant E. coli correlates with decreased steady-state levels of hlyCABD mRNA (20) . To see if the JUMPStart sequences, like RfaH, affect hlyCABD mRNA levels, we performed quantitative RNase protection analyses on total RNAs extracted from the wild-type and rfaH null mutant E. coli harboring pSF4000 or one of the two deletions. The antisense RNA probes used are shown in Fig. 3A , and the results of RNase protection assays are shown in Fig. 3B and C. The multiple ϩ779 to ϩ1049 probe signals (hlyCA) reflect the two RNA species that result from in vitro transcription of the template DNA (1, 18) . Probes protected by hlyC mRNA also migrate faster than the control probes. The incomplete protection is due to in vivo processing of hlyC mRNA (20) .
Deletion of either JUMPStart sequence resulted in a significant reduction in hlyCABD mRNA from wild-type E. coli ( 
on November 7, 2017 by guest http://jb.asm.org/ Downloaded from 3B had 10-fold more total RNA probed]). The 3Ј end of the hlyC message from pWAM2240 and pWAM2245 was reduced 10-and 11-fold, respectively, compared to RNA expressed from the intact hlyCABD operon. The level of hlyA message was reduced 6-and 7-fold, and the level of hlyBD message was reduced 14-and 20-fold, from the same constructs. The rfaH null allele alone reduced the 3Ј end of the hlyC message 9-fold, hlyA mRNA 6-fold, and hlyBD mRNA 9-fold from the intact hlyCABD operon, compared to the wild-type strain (Fig. 3B and C, compare signals from pSF4000 in rfaH ϩ versus rfaH null mutant E. coli). When examined in an rfaH null mutant background, the JUMPStart deletions reduced the 3Ј end of the hlyC message 9-and 11-fold, hlyA mRNA 8-and 10-fold, and hlyBD mRNA 10-and 14-fold (Fig. 3A and B 
Effect of the JUMPStart deletions and the rfaH null allele on steady-state levels of RNA from the hly leader and 5 end of hlyC. Previous work showed that the rfaH null allele does not reduce leader and 5ЈhlyC mRNA expression from pSF4000 to the extent that it reduces levels of downstream hlyCABD mRNA (18, 20) . We performed RNase protection analyses to compare levels of hly leader and 5ЈhlyC mRNA from the intact and JUMPStart-deleted hlyCABD operons in wild-type and rfaH null mutant E. coli. Figure 4A shows the location of an antisense probe to a region within the hlyCABD leader, extending into hlyC. The data in Fig. 4B depict the profile of the antisense probe following an RNase protection assay, as described in the legend to Fig. 3 .
Deletion of the JUMPStart sequences resulted in two-and threefold reductions in hly leader-5ЈhlyC mRNA from wildtype E. coli ( Fig. 4B and C; in rfaH ϩ lanes, compare wild-type signals with signals from JUMPStart mutants [note that equal amounts of total RNA were assayed for each strain]). When examined in an rfaH null mutant background, the JUMPStart deletions expressed amounts of hly leader-5ЈhlyC mRNA similar to those expressed from those plasmids in wild-type E. coli ( Fig. 4B and C , compare JUMPStart signals in rfaH ϩ lanes and in rfaH mutant lanes). The rfaH null allele alone conferred less than a twofold reduction in hly leader-5ЈhlyC mRNA levels ( Fig. 4B and C , compare pSF4000 signals in rfaH ϩ lanes with pSF4000 signals in rfaH mutant lanes).
The data in Fig. 4 demonstrate that expression of the JUMPStart deletions in either wild-type or rfaH null mutant E. coli reduced hly leader and 5ЈhlyC mRNA to a lesser degree than they reduced downstream hlyCABD mRNA. The data also show that, similar to the effect on downstream hlyCABD mRNA, JUMPStart deletions in combination with the rfaH null allele did not result in a compounded reduction in hly mRNA expression beyond the effect of either mutation by itself. The Ͻ2-to 3-fold reduction in 5Јhly RNA conferred by the null rfaH allele or the JUMPStart deletions may have been caused by premature transcript termination or increased mRNA decay in the hly leader region. The experiments presented in this work do not address the effect of the JUMPStart sequences on hlyCABD message decay, and we therefore cannot rule out a role for the JUMPStart sequences in downstream mRNA stability. However, our previous work demonstrated that RfaH is not required for hly mRNA stability (20) . Although the precise nature of the JUMPStart effect remains to be determined, the two-to three-fold reduction in upstream hly RNA did not fully account for the reduction in extracellular HlyA levels from these strains. The RNase protection data presented in Fig. 3 and 4 favor the hypothesis that RfaH and JUMPStart are part of the same functional pathway, and these data are consistent with a model for the JUMPStart sequences in an RfaH-dependent elongation of hly transcription.
RNA polymerase may pause at the JUMPStart sequence. We and others have proposed a model for RfaH-enhanced gene expression at the level of transcription elongation (1, 4, 9, 13, 20) . This work demonstrates that removal of either RfaH, JUMPStart sequences, or both leads to similar reductions in steady-state hlyCABD transcript levels in vivo, suggesting that they are part of the same functional mechanism. Recent in vitro experiments support this hypothesis, since removal of RfaH or the JUMPStart sequences reduces transcription of a hybrid construct containing the hlyCABD genes expressed from the tac promoter (1).
If transcriptional elongation of hlyCABD mRNA depends on alteration of the transcription machinery, including, minimally, RNAP, then pausing of RNAP during transcription may allow the necessary cofactors (cis and/or trans) to gain access to the transcription elongation complex. We used in vivo KMnO 4 footprinting to directly measure occupancy of the hly promoter and identify potential RNAP pause sites on the three different constructs described above. KMnO 4 reacts with thymine residues in melted DNA such as DNA opened in a transcription bubble (16) . Cells transformed with plasmids containing either the intact hlyCABD operon or the ⌬ϩ126 to ϩ137 or ⌬ϩ149 to ϩ159 construct were pulsed for 15 s with KMnO 4 . Some cultures were treated with rifampin to collect RNAP in open complexes on the promoter prior to KMnO 4 treatment. Plasmid DNA was isolated, quantified, and probed by primer extension on the nontemplate DNA strands. Figure 5 shows KMnO 4 -reactive thymines in the nontemplate strands of pSF4000, pWAM2240, and pWAM2245 from wild-type and rfaH null mutant E. coli during steady-state transcription (without rifampin) or following arrest of RNAP in the open complex at the hlyCABD promoter (with rifampin). Samples that were treated with rifampin reveal a highly reactive thymine in the open complex at the hlyCABD promoter at position ϩ3 relative to the transcription start site. The samples that were not treated with rifampin reveal the steady-state level of promoter occupancy (ϩ3) as well as a transcription-dependent reactive thymine just downstream of the JUMPStart se- quences (ϩ162). In Fig. 5A the lanes corresponding to pSF4000 with and without rifampin contain three times more DNA, and in Fig. 5B the lane corresponding to pSF4000 without rifampin contains two times more DNA, than the other lanes in order to demonstrate the locations and relative intensities of background signals compared to the ϩ3 and ϩ162 signals. All other lanes contain equal amounts of plasmid.
The data in Fig. 5 suggest several basic features of hlyCABD transcription. The ϩ3 signal evident in the rifampin-treated samples confirms the location of the hlyCABD promoter identified by primer extension and deletion analysis in previous studies by our laboratory (20, 35) . Quantitative comparisons of promoter signals on pSF4000 from wild-type and rfaH null mutant E. coli concur with previous data which demonstrated that RfaH is not required for initiation of hly transcription. Deletion of the JUMPStart sequences did not alter the site or extent of open complex formation at the hly promoter in either the wild-type or rfaH null mutant E. coli. Finally, a combination of the rfaH null allele and the JUMPStart mutations did not alter the pattern of hly open complex formation.
In addition to providing information about the hly promoter in the context of the rfaH null allele and the JUMPStart deletions, the KMnO 4 footprinting technique was useful in identifying the highly reactive thymine at position ϩ162 of pSF4000. This base represents an absolutely conserved T, three bases 3Ј to the downstream conserved 5ЈGGTAG3Ј subsequence within every JUMPStart sequence identified to date (Fig. 1) . This T is modified by KMnO 4 only in the absence of rifampin treatment, when RNAP is allowed to proceed beyond transcription initiation. Footprints of the nontemplate DNA strands of pWAM2240 and pWAM2245 from wild-type and rfaH null mutant E. coli demonstrate that the T at position ϩ162 is not modified when the JUMPStart subsequences are deleted. In addition, the rfaH null mutation has no significant effect on the appearance of the signal at ϩ162, indicating that it is not required for the hyperreactivity. KMnO 4 footprinting of the template strand of either pSF4000, pWAM2240, or pWAM2245 from wild-type or rfaH null mutant E. coli RZ4500 did not reveal any transcription-dependent hypersensitive thymines in the JUMPStart region of hlyCABD DNA (18) .
DISCUSSION
The noncoding regions of all RfaH-affected operons contain all or a portion of a 39-bp conserved sequence termed JUMPStart (15, 29) . We and others have shown that RfaH is necessary for wild-type levels of promoter-distal mRNA in these operons, both in vivo and in vitro, supporting a model for the involvement of RfaH in transcription elongation (1, 2, 20) . One of the major problems in our understanding of RfaHdependent transcription elongation is the identity of the sequence or structure element(s) in the DNA or RNA that permits RfaH activity. The JUMPStart sequences represent potential cis-acting sites involved in RfaH-enhanced transcript elongation.
Nieto et al. (25) reported that removal of a 35-base sequence 2 kb upstream of an hlyCABD operon derived from a large, transmissible plasmid results in decreased hemolysin expression in vivo. Contained within that deletion was a portion of the conserved JUMPStart sequence (5ЈGGCGGTAG3Ј). Fur- FIG. 5 . Primer extension analysis of the nontemplate strand of hlyCABD leader DNA following in vivo treatment with potassium permanganate. pSF4000 (wild type [w.t.]), pWAM2240 (⌬ϩ126-ϩ137), and pWAM2245 (⌬ϩ149-ϩ159) were extracted from either wild-type E. coli RZ4500 (A) or rfaH null mutant E. coli WAM1925 (B) following treatment with KMnO 4 in the presence (ϩ) or absence (Ϫ) of rifampin. All samples were extended with an oligonucleotide complementary to positions ϩ271 to ϩ288 of pSF4000. Lane a in panel A was generated by fmol (Promega) sequencing of pSF4000 DNA with the same oligonucleotide as in the footprinting reactions. The bands depict the locations of adenosine nucleotides in the template strand of the wild-type pSF4000 sequence. The numbering of permanganate-sensitive bases is relative to the start of transcription (ϩ1 ϭ pSF4000 base 311 from reference 12).
ther work by that group demonstrated that removal of this sequence reduced transcription of the hlyCABD genes from a heterologous promoter in vitro (1) . However, the location of this particular sequence relative to the native start of hlyCABD transcription was not demonstrated in their in vivo or in vitro systems.
In this study we examined precise deletion mutations of the JUMPStart consensus sequence within the untranslated leader sequence of a chromosomal hlyCABD operon, transcribed from the native hly promoter, for their effects on hemolysin expression from wild-type and rfaH null mutant E. coli. Our principal conclusions are that (i) like the rfaH null allele, the JUMPStart deletions result in reductions in hemolysin expression; (ii) the combination of JUMPStart deletions and the rfaH null mutation does not result in compounded reduction in hemolysin expression, and therefore the two are probably part of the same pathway; and (iii) presence of the JUMPStart subsequences confers transcription-dependent KMnO 4 hyperreactivity to a thymine in the nontemplate strand of hlyCABD DNA at position ϩ162 (relative to the start of transcription). Overall, our results are consistent with a role for the JUMPStart sequences in hlyCABD transcript elongation, lending further support to the hypothesis that RfaH and the JUMPStart sequences contribute to the same mechanism of transcriptional elongation.
Previous studies demonstrated that RfaH enhances hlyCABD mRNA levels, with a greater effect on promoter-distal hly mRNA than on promoter-proximal mRNA (20) . The data shown in Fig. 3 and 4 demonstrate that the JUMPStart deletion mutants have an effect on hly leader and hlyCABD mRNA levels similar to that of the rfaH null allele. The combination of the JUMPStart deletions and the rfaH null mutation does not result in a compounded decrease in hlyCABD mRNA levels. These data strongly suggest that RfaH and JUMPStart do not act independently but instead influence the hlyCABD transcript via a common pathway.
We used the technique of in vivo KMnO 4 footprinting to identify open complexes and potential pause sites in the wildtype hlyCABD operon and in the deletion mutants expressed in wild-type and rfaH null mutants of E. coli (Fig. 5) . Conservation of the JUMPStart sequence suggests that it is recognized by one or more host factors, including RNAP. Following treatment with rifampin to prevent initiation of transcription by RNAP, we identified a hyperreactive thymine at position ϩ3 of the nontemplate strand, consistent with RNAP in open complex formation at the hlyCABD promoter. These data confirmed the previously mapped hlyCABD transcription start site on pSF4000 (20) . The location and intensity of the open complex signal at ϩ3 were the same on either the wild-type or JUMPStart-deleted hlyCABD constructs in wild-type or rfaH null mutant E. coli. On the basis of previous observations (20) , our KMnO 4 footprint analyses, and RNA analyses, we conclude that RfaH and the JUMPStart sequences are not required for initiation of hlyCABD transcription.
KMnO 4 treatment of wild-type and rfaH null mutant E. coli in the absence of rifampin, which provides a steady-state profile of unstacked hlyCABD DNA, identified a hyperreactive thymine at position ϩ162 of the nontemplate strand in the wild-type operon but not in the corresponding position of either JUMPStart mutant. A less reactive thymine at position ϩ160 on the nontemplate strand is present in the KMnO 4 profiles of the wild-type and the JUMPStart-deleted constructs. The reactive thymine at base ϩ157 is present in the KMnO 4 profiles of the wild type and the ⌬ϩ126 to ϩ137 construct, but it is not present in the ⌬ϩ149 to ϩ159 construct because this base is deleted in this mutant. One possibility to explain the footprinting and RNA data is that the JUMPStart sequences may signal RNAP to pause in elongation, perhaps in the region of position ϩ160 to allow modification of the transcription complex to a more processive form. Removal of the JUMPStart sequences would inhibit this modification step, allowing the polymerase to move more rapidly through this early region (resulting in loss of KMnO 4 hyperreactivity) but more slowly past putative downstream pauses and terminators. A similar situation exists in the bacteriophage Q transcriptional elongation system, where mutations in the promoter-proximal Q binding site (qut) do not support an RNAP pause at positions ϩ16 and ϩ17, allowing Q to modify RNAP (16) . RNAP stalled at the JUMPStart sequence would allow cis or trans antitermination factors, such as RfaH, to modify RNAP to an elongation-competent form. This model is consistent with the footprinting and RNase protection data from both wild-type and rfaH null mutant E. coli because RfaH is not required for polymerase to pause at the JUMPStart sequences (position ϩ162 hyperreactive thymine); however, it would be required for further modification leading to an elongation-competent complex.
What is the role of RfaH in the JUMPStart-dependent elongation of hlyCABD transcription? RfaH could act like N, or like one of the E. coli Nus factors, in the or rrn antitermination systems. In N-mediated antitermination, the nut site (RNA) and several E. coli Nus proteins collectively help N locate its proper site on the surface of RNAP and maintain this physical association throughout subsequent transcription (10) . For example, NusA allows N to capture RNAP transcribing the nut site, leading to a termination-resistant complex (36) . Transcription through the E. coli rrn operons is also enhanced by a cooperative effect of several E. coli Nus factors that recognize signals resembling cis-acting sequences in the phage antitermination systems but do not interact with an N or Q homolog (3) . RfaH could interact with RNAP transcribing the JUMPStart sequences. Deletion of RfaH would not inhibit interactions of RNAP with the JUMPStart sequences (RNA, DNA, or both), but RNAP would not be efficiently modified without RfaH present.
RfaH has significant amino acid sequence similarity with NusG (1, 18), a protein shown in E. coli to be involved in both transcriptional termination and antitermination (6, 7, 21, 22, 30, 31) . The role of NusG in transcription by E. coli RNAP is controversial. Under certain conditions, NusG can enhance termination by rho (21, 31) , or it can enhance antitermination by N at both rho-dependent (21) and rho-independent (21, 31) terminators. NusG has been shown to directly increase the rate of RNAP elongation, which may help RNAP get through pause sites and prevent termination by rho (7). NusG has also been shown to bind directly and selectively to rho and weakly to RNAP, which may bridge the rho-RNAP gap to enhance rho-dependent termination (21) . The homology of RfaH with NusG suggests that RfaH may interact with known transcription factors; however, without knowledge of the functional domains of NusG, our model is speculative. Experiments are in progress to determine whether RfaH, like NusG, is involved in the antitermination systems of bacteriophage .
In conclusion, we identified multiple elements within the JUMPStart consensus sequence that are required for wild-type levels of hlyCABD mRNA in vivo. We also demonstrated a transcription-dependent unstacking of DNA within the hly leader region that depends upon the presence of both JUMPStart subsequences, which may be the result of RNAP paused at this site. Our data support a mechanism for enhanced elongation of transcription that requires both RfaH and the JUMPStart sequences.
